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Abstract  
We investigate the mechanical behavior of 3D periodically architected metallic glass 
nanolattices, constructed from hollow beams of sputtered Zr-Ni-Al metallic glass. Nanolattices 
composed of beams with different wall thicknesses are fabricated by varying the sputter 
deposition time, resulting in nanolattices with median wall thicknesses of ~88 nm, ~57 nm, ~38 
nm, ~30 nm, ~20 nm, and ~10 nm. Uniaxial compression experiments conducted inside a 
scanning electron microscope reveal a transition from brittle, catastrophic failure in thicker-
walled nanolattices (median wall thicknesses of ~88 and ~57 nm) to deformable, gradual, layer-
by-layer collapse in thinner-walled nanolattices (median wall thicknesses of ~38 nm and less). 
As the nanolattice wall thickness is varied, large differences in deformability are manifested 
through the severity of strain bursts, nanolattice recovery after compression, and in-situ images 
obtained during compression experiments. We explain the brittle-to-deformable transition that 
occurs as the nanolattice wall thickness decreases in terms of the “smaller is more deformable” 
material size effect that arises in nano-sized metallic glasses. This work demonstrates that the 
nano-induced failure-suppression size effect that emerges in small-scale metallic glasses can be 
proliferated to larger-scale materials by the virtue of architecting. 
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1. Introduction 
Metallic glasses are a class of materials that offer beneficial mechanical properties such as 
high strength and a large elastic strain limit [1,2]. The lack of grain boundaries in metallic 
glasses leads to excellent corrosion and wear resistance as well as great soft magnetic properties 
[1-3]. Despite these desirable properties, metallic glasses have seen limited use in applications 
owing to their low ductility and characteristic catastrophic failure. Room temperature 
deformation of metallic glasses typically involves localization of plastic strain into narrow shear 
bands [4]. Studies have found that this catastrophic failure can be alleviated by reducing the 
sample size of metallic glass to the nanoscale, where a size-induced brittle-to-ductile transition 
occurs, observed under both compression [5-7] and tension [8-10]. Tensile ductility at room 
temperature in metallic glasses is particularly elusive, and has only been shown to emerge in 
monolithic metallic glasses when the sample size is reduced to these nanoscale dimensions. 
Previous studies have found that ~100 nm diameter metallic glass pillars can reach true tensile 
strains of ~25% prior to failure [8,9], and our previous work demonstrated that sputtered Zr-Ni-
Al metallic glass nanopillars can reach true strains of ~150% for sample widths up to ~150 nm 
[11]. These studies show that reducing the characteristic dimension of metallic glass to the nano-
scale can alleviate metallic glasses’ Achilles’ heel of brittle failure, thereby enabling the use of 
metallic glasses without catastrophic failure. 
Advances in small-scale technological devices such as MEMS (microelectromechanical 
systems), biomedical devices and implants, microelectronics, micromanipulators, and 
microrobotics have increased the demand for miniature parts fabricated from materials with 
suitable properties [12,13]. The combination of metallic glasses’ enhanced plasticity at small 
scales [5-11] with their other desirable properties (including high elasticity, an 
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isotropic/homogeneous nature, and excellent corrosion/wear resistance) [1,2] points towards 
metallic glasses as promising candidates for use in such small-scale technological devices. 
Fabricating metallic glasses as thin films, for example by sputtering, presents a unique 
opportunity to create very thin coatings that may more readily benefit from the size-induced 
brittle-to-ductile transition in metallic glasses. The use of thin film deposition also interfaces well 
with existing micro- and nano- fabrication techniques utilized in creating small-scale 
technological devices. Thin films can be extended to 3-dimensions by “wrapping” the thin film 
around some 3-dimensional architecture.  
Large deformable metallic glasses may be envisioned through nano-architecting, that is 
maintaining a key dimension of the metallic glass (such as the thin film thickness) at the 
nanoscale without limiting the overall macroscopic dimensions of the architecture. We utilize 
this nano-architecting approach by fabricating hollow metallic glass nanolattices with the beam 
wall thickness in the “smaller is more deformable” nanoscale size range, while the entire 
nanolattice structure spans tens of microns. These nanolattices can be made arbitrarily large 
when experimental practicalities are neglected. We chose to work with sputter-deposited Zr-Ni-
Al as the thin film metallic glass “coating” for the nanolattices based on this material’s 
substantial tensile ductility at dimensions up to ~150 nm [11]. 
Nanolattices, or architected structural metamaterials, exhibit hierarchical ordering ranging 
from nanometer length scales in wall thickness to micron length scales in defining unit cells and 
beyond millimeter scales in the overall macroscale architecture, with many nano-architectures 
produced by using direct-laser-writing two-photon lithography [14-17]. Existing work on 
nanolattices has primarily focused on hollow ceramic nanolattices [18-22], due to the ease of 
depositing conformal coatings of ceramic materials by atomic layer deposition (ALD) and the 
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inertness of these ceramic materials to oxygen plasma, which has thus far been the plasma of 
choice for etching away the internal polymer scaffold to produce nanolattices. One of the key 
findings from these studies is that by optimizing the wall thickness-to-radius ratio of the 
nanolattice beams, hollow alumina nanolattices can recover to their original shape after 
compression in excess of 50% strain [20]. There have also been a few studies on hollow Au 
nanolattices [23,24], which demonstrated that strength and stiffness can be increased by an order 
of magnitude by tuning nanolattice geometry while maintaining a constant relative density [24]. 
Metallic glass nanolattices have been studied less frequently than metal or ceramic nanolattices 
due to experimental difficulties in extending the fabrication process to metallic glass. 
Some studies have attempted to impart plasticity to metallic glasses by utilizing stochastic 
architectures, or metallic glass foams with a random distribution of heterogeneities and pores. 
Stochastic metallic glass foams have been fabricated by incorporating gas into metallic glass 
during processing [25,26] or by creating a two-phase mixture of metallic glass and another 
material, which is subsequently removed [27-29]. One study found ~80% compressive ductility 
for open-cell Zr-based amorphous metal foams with relative densities of 14-28% and pores sizes 
of 150-355 µm [30] Another study found that the commercial glass-forming alloy Vit106, which 
exhibits no significant plasticity in the monolithic alloy, can become ductile under compression, 
reaching ~50% strain, when it is made into an open-cell foam with porosity ~78% and pore size 
212-250 µm [31]. In another study, open-cell Zr41.25Ti13.75Cu12.5Ni10Be22.5 metallic glass foams, 
fabricated by using NaCl as a space-holder material, were shown to exhibit high energy 
absorption capacity with ductile cracking resulting from the complex stress state that arises from 
the presence of pores in the foam [32]. These and other stochastic cellular structures almost 
always contain imperfections, which render them difficult to manipulate and study 
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systematically. The randomness in their mesoscale architecture also naturally leads to a reduction 
in mechanical performance, i.e. stiffness and strength, compared with periodically ordered 
metallic glass foams [33-35]. 
Periodically architected foams may be precisely engineered to attain optimal mechanical 
performance. Studies on such periodically architected metallic glass foams have been limited 
due to the difficulty in fabricating such materials, particularly in 3D. One study utilized 
thermoplastic replication of metallic glass to fabricate 2D metallic glass cellular structures that 
ranged from perfectly periodic to highly stochastic [35]. These authors observed that while the 
periodic structures generally had a higher elastic modulus and yield strength compared to 
stochastic structures, the stochastic onees exhibited higher flaw tolerance [35]. To create 3D 
periodically architected metallic glass structures, one study utilized thermoplastic forming-based 
patterning of metallic glass sheets combined with parallel joining, which resulted in honeycomb-
like architectures exhibiting high elastic energy storability and absorption [36]. 3D periodically 
architected metallic glass cellular structures were also fabricated using electroless deposition of 
Ni-P metallic glass onto a sacrificial polymer microlattice [37]. These Ni-P microlattices 
consisted of ~1 mm unit cells with metallic glass wall thicknesses of 60 – 600 nm and reported 
structures with wall thicknesses above 150 nm failed catastrophically while those with wall 
thicknesses below 150 nm failed with plasticity [37]. The dimensions of metallic glass lattices in 
nearly all of these existing studies were far from the nanoscale, including ~1 mm unit cells and 
20-70 μm wall thicknesses [35], cm-sized unit cells and ~0.4 mm wall thickness [36]. and mm-
sized unit cells and ~60-600 nm wall thicknesses [37]. In designing periodically nano-
architected metallic glasses, both the periodic and nanoscale aspects are key to take advantage 
of both structural and material size effects. Experimental difficulty in fabricating hollow metallic 
glass nanolattices has resulted in a dearth of studies on that length scale. The only study to date 
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on metallic glass nanolattices [38] did not consider several factors in nanolattice fabrication 
and characterization, which will be discussed in section 4.3. That study did report a promising 
suppression of brittle failure as the Cu60Zr40 metallic glass tube-wall thickness was decreased 
[38]. 
We report the fabrication of hollow Zr-Ni-Al metallic glass nanolattices with median beam 
wall thicknesses of 10, 20, 30, 38, 57, and 88 nm fabricated by sputter deposition for the 
durations of 15, 30, 45, 60, 120, and 240 minutes, respectively. In-situ nanomechanical 
experiments demonstrate that reducing the wall thickness leads to a transition in the deformation 
behavior of the metallic glass nanolattices from catastrophic failure with large strain bursts in 
thick-walled nanolattices (wall thicknesses greater than ~50 nm) to smooth continuous 
deformation with gradual layer-by-layer collapse in thinner-walled nanolattices. 
 
 
2. Experimental Section 
2.1. Fabrication of hollow metallic glass nanolattices 
 Hollow metallic glass nanolattices were fabricated through the multi-step process shown 
schematically in Figure A1 of the Appendix A. The basic steps in this nanolattice fabrication 
process were originally established for other material systems [18-20,23]. First, polymer 
scaffolds were fabricated utilizing the direct-laser-writing two-photon lithography process 
developed by Nanoscribe GmbH. The 3D geometry of the polymer scaffold was chosen as 
repeating ~7 µm octahedron unit cells connected at their vertices, as shown in Figure 1 (a). 
Octahedron unit cells were selected as they represent a fundamental, commonly studied 
geometry [19,21,23,24] and thus serve as a good base unit cell for one of the first studies on 
metallic glass nanolattices. Further, the lack of additional beams in an octahedron, as opposed to 
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octet [39] geometry, allows the unit cells to be more open, which facilitates better conformality 
in the sputter-deposited metallic glass coating. The ~7 µm size was chosen to maximize unit cell 
size to further facilitate openness of the unit cells for sputter deposition while not utilizing overly 
long beams, which were found to become wavy and unstable when written with the Nanoscribe. 
Ideally, the overall nanolattice dimensions would be maximized in order to limit edge effects and 
make the nanolattice more representative of larger materials with this same repeating unit cell 
structure. Experimental practicalities, including writing time of the polymer scaffolds with 
Nanoscribe, hydrogen plasma penetration into the nanolattices during etching, and the maximum 
load achievable in the nanomechanical testing system, limited the size of the nanolattices. 
Considering these experimental practicalities, each nanolattice was designed to be 5 unit cells 
wide by 5 unit cells long by 5.5 unit cells tall, for total dimensions of ~32 µm long, ~32 µm 
wide, and ~36 µm tall. 
This geometry was imported into NanoWrite, the program that interfaces with the 
Nanoscribe two-photon lithography instrument. In the two-photon lithography process, IP-Dip 
photoresist was exposed to a 780-nm femtosecond pulsed laser, which was focused to a small 
volume (i.e. a voxel, or volume resolution element) containing sufficient energy to initiate cross-
linking of the photoresist through two-photo absorption. This voxel was traced in three 
dimensions according to the nanolattice geometry imported into NanoWrite to create the polymer 
scaffold. Due to the elliptical nature of the voxel, writing circular beams required tracing the 
elliptical voxel in a circular motion to result in beams composed of an approximately circular 
cross-section with diameter ~800 nm. Following lithography, the samples were developed by 30-
minute immersion in propylene glycol methyl ether acetate, cleaned in isopropyl alcohol, and 
then dried in a critical point dryer.  
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Amorphous Zr-Ni-Al was sputtered to coat these polymer scaffolds under the same 
conditions utilized in our previous study [11], namely by sputtering an alloyed Zr56Ni22Al22 
target (ACI Alloys, Inc.) with a base pressure less than 1 × 10
-6
 Torr using a DC power supply at 
100 W with resultant voltage of 320-390 V, under 3 mTorr argon in a magnetron sputter 
deposition system (ATC Orion sputtering system, AJA International, Inc.). The sputter 
deposition time was varied at times of 15, 30, 45, 60, 120, and 240 minutes in order to vary the 
thickness of the metallic glass coatings on the polymer scaffolds.  
After sputtering, focused-ion beam (FIB) milling was used to expose the internal polymer 
scaffold so that it could be subsequently etched away by hydrogen plasma. For this step, the FIB 
was operated at 30 keV and 1-3 nA in order to remove the metallic glass coating on two opposite 
faces of each nanolattice, exposing the internal polymer scaffold. The samples were then placed 
in a hydrogen plasma system (Zepto Plasma System, Diener) operating at 100 W and 0.7 mbar to 
etch away the internal polymer scaffold, resulting in hollow beam nanolattices with beam walls 
consisting of nanoscale thicknesses of the sputtered metallic glass. The hydrogen plasma etching 
process took several weeks to completely remove the internal polymer scaffold. Due to the long 
nature of this process, the nanolattices were periodically removed from the plasma machine and 
imaged via SEM to monitor the etching progress. Changes in contrast as the polymer was etched 
were readily apparent from SEM images; a visible front of contrast change proceeded from the 
FIBed edges towards the center of the nanolattice as the polymer etching front advanced, as 
shown in Figure A2 of the Appendix A. The nanolattices were kept in hydrogen plasma until all 
visible traces of polymer were removed. 
 
 
2.2. Wall thickness analysis 
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To assess the variation in wall thickness resulting from the anisotropic sputter deposition 
process, FIB was used to remove regions of the nanolattices and expose various cross-sections of 
the nanolattices from which the wall thickness of each side of each exposed beam could be 
measured via SEM. One such resultant cross-section was shown in Figure 1 with higher 
magnification images from each unit cell arranged from top to bottom, illustrating the variation 
in wall thickness that results from top to bottom in the nanolattices. These cross-sectional cuts 
and the corresponding measurements were performed at six different locations in each measured 
nanolattice, ranging from the outermost side to the most interior unit cells in order to assess the 
variation in wall thickness that occurs from outside to inside. From each cross-sectional cut, ~20 
measurements of wall thickness were performed on beams favorably oriented with the ~52° tilt 
of the SEM stage utilized for FIB operation. With these six cross-sectional cuts and 20 
measurements for each cut, there was a representative sample of ~120 wall thickness 
measurements spanning the entire nanolattice from which the median and average wall thickness 
were determined. This measurement procedure was conducted on nanolattices fabricated with the 
longer sputter deposition times of 60, 120, and 240 minutes. For the shorter sputter deposition 
times of 15, 30, and 45 minutes, it was difficult to measure the wall thickness accurately by 
SEM; therefore, the wall thickness was estimated by assuming a linear variation between 0 and 
the wall thickness resulting from the 60-minute sputter deposition. 
 
2.3. Microstructural analysis 
The TEM sample picture in Figure 2 was prepared from a nanolattice fabricated by sputter 
deposition for the shortest time of 15 minutes, with wall thickness ~10 nm, after all the 
fabrication steps shown in the Appendix Figure A1. The nanolattice was transferred to the post 
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of a TEM grid (PELCO, FIB lift out TEM grid) using a micromanipulator, secured with silver 
conductive epoxy (H2OE EPO-TEK, Ted Pella, Inc.) allowed to cure at room temperature, and 
thinned with FIB. TEM was performed using a 200 keV TEM (TF20, FEI Co.). 
 
2.4. Uniaxial compression experiments 
In-situ uniaxial compression experiments on individual nanolattices were performed quasi-
statically at a constant nominal strain rate of 1×10
-3
 s
-1 
in the InSEM, a combined SEM (Quanta 
SEM, FEI Co.) and nanoindenter (Nanomechanics, Inc.). The nanoindenter was fitted with a 
boron-doped diamond 170-µm flat punch. After accounting for response from the load frame and 
support spring, the raw load and displacement due to deformation of the nanolattice were 
recorded at a data acquisition rate of 100 Hz. Using this load ( ) and displacement (  ) data, 
engineering stress and strain were calculated using the initial nanolattice height (  ) and footprint 
area (  ) according to         and         , where    is the engineering stress and    
engineering strain. The initial nanolattice height and footprint area were measured by SEM 
images of each nanolattice prior to testing. Elastic modulus was calculated from the slope of the 
loading curve, using stress-strain data from the initial linear region after any initial loading 
instabilities. The yield strength was determined by offsetting the linear fit of the elastic modulus 
by 0.02% strain and finding the intersection of that offset line with the stress-strain data. The 
average elastic modulus and average yield strength for each nanolattice wall thickness were 
calculated from a minimum of 20 sets of compression data. The size of the first strain burst was 
measured for each data set using MATLAB to find the range of strain around the first strain burst 
over which the stress was continually decreasing. 
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Conducting compression experiments with the InSEM system allowed simultaneous 
compression and visualization, which facilitated a deeper understanding of the deformation 
behavior of individual nanolattices. The compression experiments were conducted under 
identical SEM imaging conditions, namely 2 keV, spot size 3, and a magnification of 6000x. 
There was no discernible difference in the mechanical behavior of the nanolattices observed 
when the electron beam was off, thus any effects of the electron beam can be considered 
negligible. 
 
 
3. Results 
3.1. Characterization of nanolattices 
 We designed the metallic glass nanolattices to consist of repeating ~7 µm octahedron unit 
cells connected at their vertices, with each nanolattice being 5 unit cells long, 5 unit cells wide, 
and 5.5 unit cells tall. The basic steps in the fabrication process were first developed for other 
materials systems, as discussed elsewhere [18-20,23]. The main departure in this work is the use 
of hydrogen (as opposed to oxygen) plasma to remove the polymer scaffold after the deposition 
of metallic glass coating to avoid oxidation of the metallic glass. More details of the fabrication 
steps utilized in the current study are provided in section 2.1. Figure 1 (a) shows an SEM image 
of a typical hollow Zr-Ni-Al metallic glass nanolattice.  
We found the wall thickness of the beams within a single nanolattice to vary substantially, 
presumably due to the directional nature of sputter deposition. The sputtering process involves 
the bombardment of argon ions onto a Zr56Ni22Al22 sputtering target, which causes the target 
atoms to be ejected and deposited onto the nanolattices in a manner that favors line-of-sight 
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deposition. This directional sputtering process results in a metallic glass coating on the 
nanolattices that is non-conformal, with larger wall thicknesses on the top surfaces and outer unit 
cells of the nanolattices. Figure 1 (e-i) are SEM images of cross-sections exposed at different 
heights within a single nanolattice fabricated for the longest sputter deposition time of 240 
minutes, which resulted in the largest wall thickness variation within individual nanolattices. 
Figure 1 (c) is a top-down image of that nanolattice with the gray rectangle denoting the region 
of the nanolattice that was removed by FIB and the white dotted line denoting the exposed cross-
section, which is shown in Figure 1 (d). Higher magnification images of each unit cell in this 
cross-section are shown in Figure 1 (e-i) and are ordered from the top unit cell closest to sputter 
target to the bottom-most unit cell closest to the substrate. There is a visible decrease in wall 
thickness of the nanolattice beams as rastered from the top to bottom unit cells. What is 
particularly clear from these images is that the top surfaces of the topmost beams are 
significantly thicker compared to the lower beams. The top surfaces are expected to have thicker 
walls because these surfaces were directly in line-of-sight of the sputtered target atoms. The 240-
minute sputter deposition, which resulted in an 88 nm median wall thickness and 114 nm average 
wall thickness, resulted in wall thicknesses on the top surfaces of the top beams around ~900 nm, 
which is similar to observed film thickness of ~1 µm on the surrounding flat substrate. For the 
sputter deposition time of 240 minutes, there is an order of magnitude difference between the 
median wall thickness of the nanolattice beams (~88 nm) and the thickness of a thin film 
deposited on a flat substrate (~1 µm). This demonstrates the potentially large error introduced by 
assuming the sputter deposition rate onto a complex 3D geometry is equal to the sputter 
deposition rate onto a completely flat substrate, which was the assumption used in the only 
previous study on metallic glass nanolattices to date [38]. 
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It should be noted that the sputtering conditions in the current work were not fully optimized 
for deposition conformality as experimental limitations prevented full exploration of sputtering 
parameter space. With detailed analysis of sputtering conditions, it is likely that a more 
conformal coating could be achieved. Some parameters of interest include: target-to-sample 
distance and angle, rotational speed of sample stage, gas pressure, energy, and utilizing a 
combinatorial sputtering method. Such study would be an excellent next step in developing 
sputtering as a more robust technique for fabricating nano-architected metallic glasses. 
In the current work, the time of sputter deposition was varied to produce nanolattices with a 
range of wall thicknesses. The wall thicknesses were measured by the cross-sectional analysis 
procedure discussed in section 2.2 and illustrated in Figure 1 (c-i). The table shown in Figure 1 
(b) notes the median and average wall thicknesses resulting from sputter deposition times of 60, 
120, and 240 minutes. Sputter deposition times of 15, 30, and 45 minutes resulted in walls too 
thin to reliably measure via SEM, hence the wall thicknesses for those times are estimated. The 
average wall thickness is skewed by the large values measured from the top surfaces of the 
nanolattices, which do not undergo significant deformation during compression. We use the 
median wall thickness, which is more representative of the wall thickness for the beams 
undergoing deformation, to refer to each set of data. It should be emphasized that the median 
wall thickness is a reference point utilized mostly as a matter of convenience in referring to the 
data. In reality, each sputter deposition time results in a distribution of wall thicknesses 
throughout an individual nanolattice, with that distribution shifting to larger wall thicknesses 
with increased sputter deposition time. Appendix A Figure A3 shows the measured wall 
thickness distributions for sputter deposition times of 240, 120, and 60 minutes, which 
correspond to median wall thicknesses of 88, 57, and 38 nm, respectively. These wall thickness 
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distributions exhibit significant overlap but do shift to larger wall thicknesses with increased 
sputter deposition time. 
Figure 2 displays transmission electron microscope (TEM) images of a nanolattice section 
with a ~10 nm wall thickness (sputter deposition time of 15 minutes) after all the fabrication 
steps. Details of the TEM sample preparation are provided in section 2.3. Figure 2 (a) shows a 
low-magnification TEM image of an entire unit cell of the nanolattice. The FIB thinning utilized 
to prepare the nanolattice for TEM resulted in some changes to the shape of the beams and 
arrangement of unit cells in the nanolattice structure. Figure 2 (b) contains the diffraction pattern 
obtained from the region of the nanolattice marked with a star in Figure 2 (a). The diffuse rings 
in the diffraction pattern confirm the amorphous structure of the nanolattice after all fabrication 
steps, which is corroborated by the lack of ordering observed in the high resolution TEM image 
(Figure 2 (c)). We examined other regions in the nanolattice via TEM and found consistent 
characteristic amorphous diffraction patterns and images with no evidence of nanocrystallites. 
Energy-dispersive x-ray spectroscopy (EDS) revealed the stoichiometry of the deposited metallic 
glass to be Zr54Ni28Al18. 
 
3.2. Compression experiments on nanolattices of various wall thicknesses 
Figure 3 (a) contains representative engineering stress-strain data obtained via uniaxial 
compression to ~67% strain on nanolattices with wall thicknesses ranging from ~10 nm to ~88 
nm. The nanolattices with thicker walls (~57 nm and ~88 nm) were difficult to compress to 
exactly 67% strain because of the frequent strain busts associated with their deformation, which 
correspond to failure of the nanolattice layers. One such strain burst is shown in Figure 3 (a) 
between points I and II. The mechanical response of thinner-walled nanolattices becomes more 
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deformable, as demonstrated by the shorter strain bursts and smoother, more continuous stress-
strain data, as can be observed in Figure 3 (a) points I-IV. The in-situ images shown in Figure 
3 (I-IV) visualize the deformation of a typical nanolattice with ~88 nm wall thickness 
nanolattice, which exhibits catastrophic destruction of nanolattice layers with large strain bursts. 
Figure 3 (Iʹ-IVʹ) shows a similar sequence of images for a nanolattice with ~20 nm wall 
thickness, which exhibits gradual layer-by-layer collapse and folding up of nanolattice layers on 
top of each other. 
These differences in mechanical response are also depicted in Figure 4, which displays all 
the stress-strain data grouped by wall thickness under compression to various strains. Figure 4 is 
particularly helpful for visualizing details of the stress-strain response for thinner-walled 
nanolattices, which are at the low end of the engineering stress scale used in Figure 3 (a). A 
minimum of 14 nanolattices were compressed for each wall thickness and the breadth of the data 
displayed in Figure 4 for each wall thickness demonstrates the consistency and repeatability of 
these compression experiments. 
The stress-strain data of the thinnest-walled nanolattices, ones with wall thicknesses of ~10 
nm (Figure 4 (a)) and ~20 nm (Figure 4 (b)), is characterized by smooth, continuous 
deformation (see Video 1 for the ~10 nm wall thickness and Video 2 for the ~20 nm wall 
thickness). The presence of three undulations in the stress-strain data over strains of 0 to 0.4 
correspond to a gradual layer-by-layer collapse. Each undulation corresponds to the failure of an 
individual layer, which carries load until reaching a peak stress and then gradually, folds up and 
collapses, which drives the stress decreases. Figure 5 shows the image of a typical post-
compression nanolattice with a wall thickness of ~10 nm, which underwent such a layer-by-layer 
collapse. The layers neatly folded up underneath one another with no catastrophic damage to the 
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nanolattice and with the beams remaining intact and the general structure of the unit cells still 
apparent. The failure of individual layers in this mechanism always involves collapse of the 
beams in the bottom half of each unit cell first while those in the top-half of each unit cell are 
largely unchanged during compression. This likely occurs due to variation in wall thickness that 
results from the directional nature of sputter deposition, leading to thicker-walled beams in the 
top half of each unit cell. The thinner bottom beams of each unit cell more readily deform than 
their thicker counterparts, hence most failure of individual layers is localized to the bottom 
beams, as visualized in Figure 5.  
As the wall thickness of the nanolattice beams increases, the stress-strain response becomes 
more discontinuous, as shown in the stress-strain data for the nanolattices with a wall thickness 
of ~30 nm (Figure 4 (c)) and those with a wall thickness of ~38 nm (Figure 4 (d)). See also 
Video 3 for the ~30 nm wall thickness and Video 4 for the ~38 nm wall thickness. These 
nanolattices with intermediate wall thicknesses exhibit some characteristics of the layer-by-layer 
collapse observed in the thinnest-walled nanolattices (Figure 4 (a, b)); with less pronounced 
undulations and the addition of small strain bursts to the data. The strain bursts are caused by 
rapid failure events, such as a beam breaking or a layer of unit cells failing. These rapid failure 
events often happen too quickly for the nanoindenter to capture data at the 100 Hz data 
acquisition rate, resulting in the observed discontinuities in the stress-strain data. The largest 
strain burst in these intermediate wall thickness nanolattices almost always occurred immediately 
after elastic loading and usually involved partial catastrophic failure of a nanolattice layer, unlike 
the gradual collapse of nanolattice layers observed for the thinnest walled nanolattices. After this 
incipient failure event, the deformation commenced via smaller strain bursts, similar to serrated 
flow in metallic glasses, with each serration representing a relaxation event associated with the 
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formation and propagation of a shear band. After a single shear band activates and terminates, 
the nanolattice can be deformed further through successive shear banding events upon 
subsequent loading.  
The thickest-walled nanolattices, ones with wall thicknesses of ~57 nm (Figure 4 (e)) and 
~88 nm (Figure 4 (f)), deform by sudden failure events and large catastrophic strain bursts that 
are characteristic of brittle failure (see Video 5 for the~57 nm wall thickness and Video 6 for the 
~88 nm wall thickness). The catastrophic nature of the failure in these thick-walled nanolattices 
is also illustrated in Figure 6, which depicts a nanolattice with a wall thickness ~88 nm after 
compression to 33% strain and unloading. The two layers in the middle of the nanolattice have 
catastrophically failed with the original structure of those unit cells destroyed and no longer 
intact. 
 
3.2.1. Analysis of First Strain Burst 
 The experiments reveal that the wall thickness largely dictates the nature of post-elastic 
deformation. Following elastic loading, some nanolattices undergo gradual deformation, while 
others exhibit a sudden failure event or strain burst. The nature of this first strain burst is 
determined by the wall thickness. The thinnest-walled nanolattices, Figure 4 (a, b), exhibit 
gradual deformation with no strain burst after elastic loading, the nanolattices with intermediate 
wall thicknesses, (Figure 4 (c, d)), exhibit a small strain burst following elastic loading, and the 
thickest-walled nanolattices, Figure 4 (e, f), exhibit a very large strain burst after elastic loading. 
Figure 7 depicts these dramatic changes in the first strain burst for nanolattices of different wall 
thicknesses. Figure 7 (a-h) contains representative SEM images of the nanolattices that exhibit a 
first strain burst immediately before and after the strain burst occurs. These images illustrate the 
regions within the nanolattices that fail as a consequence of the first strain burst. Each nanolattice 
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contains 5.5 layers of unit cells and the first strain burst usually initializes in the fourth layer of 
unit cells from the top. The nanolattices with ~30 nm wall thickness fail in the fourth layer of 
unit cells with only a partial collapse of that layer, the ~38 nm wall thickness nanolattices also 
fail in the fourth layer of unit cells with a larger partial collapse of that layer, the ~57 nm wall 
thickness nanolattices fail with complete destruction of the entire fourth layer of unit cells, and 
the ~88 nm wall thickness nanolattices fail with complete destruction of the entire third and 
fourth layers of unit cells. Failure usually initiates at the fourth layer of unit cells likely because 
the anisotropic sputter deposition results in this layer of unit cells having the thinnest walls. The 
wall thickness of sputter-deposited nanolattice beams generally decreases from top to bottom in 
the nanolattice, although the bottommost layers are thicker because of the redeposition of atoms 
from the thin film growing on the substrate surface during sputtering. The fourth layer of unit 
cells, which is towards the bottom of the nanolattice but not so far down as to have redeposition 
from the thin film on the substrate, has the thinnest walls, thereby deforming most easily.  
 The stress-strain data corresponding to the SEM images of Figure 7 (a-h) are included 
immediately below the SEM images for more quantitative assessment of the stress and strain 
changes during the first strain burst. Figure 7 (i) displays the average size of the first strain burst 
as a function of the beam wall thickness. We obtained the average strain burst size for each wall 
thickness from a minimum of 16 sets of stress-strain data of individual nanolattices. As the 
thinnest-walled nanolattices (~10 nm and ~20 nm wall thicknesses) deformed gradually, with no 
strain bursts, the size of the strain burst for these samples is shown as 0. For the wall thicknesses 
of ~30 nm and greater, the size of the strain burst increases linearly with wall thickness.  
The absolute size of the first strain burst in these types of experiments depends on the details 
of the compression test method and controls and on the dynamics of the mechanical testing 
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instrument. All nanolattices in this work were compressed using an identical test method and 
mechanical testing instrument, which allows for a comparison of strain burst size. The sizes of 
these strain bursts may vary with other mechanical testing instruments and test methods; hence, 
care should be taken in comparing strain burst size in this study with that in another study using 
disparate testing conditions and instrumentation. Details of the mechanical experiments and 
instrumentation are provided in section 2.4. 
 
3.2.2. Nanolattice Recovery 
 Another way to assess post-elastic deformation is by considering nanolattice recovery 
following compression and unloading. Figure 8 shows the differences in recovery between the 
thinnest-walled nanolattices (Figure 8 (a, b)) and the thickest-walled nanolattices (Figure 8 (c, 
d)) after compression to 33% strain. The thinner-walled nanolattices recover more readily than 
thicker-walled nanolattices, which exhibited catastrophic failure and destruction of the unit cell 
structure making up the failed layers. Recovery was measured from nanolattices compressed to 
33% strain because the first strain burst in nanolattices with the thickest walls resulted in 
compression to a minimum strain of ~33% as 2 of the 5.5 layers of unit cells failed 
simultaneously. In addition, it was desirable to measure recovery from a strain that underwent 
significant plasticity, yet not too much strain that the original nanolattice structure was 
completely destroyed. Recovery was defined as, 
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where              is the total compressive displacement,             is the height of nanolattice 
immediately after unloading (                ) less the height of the nanolattice under the 
maximum compressive strain (                ), 
                                                                                                                                
These recovery measurements are shown in Figure 8 (e) with the emergence of a general trend 
that recovery decreases linearly with wall thickness. We chose to focus on recovery after 
compression to 33% strain, which limited this analysis to contain only a single data point for 
each wall thickness.  
 
3.2.3. Elastic Modulus and Yield Strength of the Nanolattices 
The elastic modulus ( ) and yield strength (  ) were measured by considering the stress-
strain response of the nanolattices at low strains. The same stress-strain data plotted in Figure 4 
is plotted in Figure 9 (a-f) over the low strain region of 0 to 0.05 to illustrate the region of 
interest for determination of elastic modulus and yield strength. The data is grouped by 
nanolattice wall thickness, with each plot containing a dotted horizontal line that denotes the 
average measured yield strength and a dashed line with a slope that dentoes the average 
measured elastic modulus for the particular wall thickness of the plot. The procedure used for 
determination of   and    is provided in section 2.4. The average elastic modulus and yield 
strength for each nanolattice wall thickness are plotted as a function of nanolattice relative 
density in Appendix A Figure A4. Relative density is defined as the volume fraction of the solid 
material in the nanolattice [40]. We estimated nanolattice relative density using SolidWorks 
models of the nanolattice geometry with a uniform wall thickness, assumed to be the median 
measured wall thickness for each sputter deposition time (Figure 1 (b)).  
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The large variation in the nanolattice wall thickness renders an accurate determination of a 
single relative density for each nanolattice unreliable. The relative density is expected to be 
lower in the regions of the nanolattice with thinner walls, such as the interior and lower regions 
of the nanolattice, and higher in the regions of the nanolattice with thicker walls, such as the top 
and outer sides. There are also local variations in wall thickness within a single unit cell (top 
beams have thicker walls than bottom beams) and within a single beam (the top surfaces of 
beams have thicker walls than bottom surfaces). All of these factors suggest that the relative 
densities plotted in Figure S2 should be taken only as estimates. 
Plots of elastic modulus and yield strength as a function of relative density are frequently 
utilized as figures of merit in evaluating and comparing the mechanical properties of cellular 
solids. The strength (σ) and elastic modulus ( ) of a cellular solid are related to its relative 
density (  ̅ ) as     ̅  and     ̅ , where the exponents   and   depend solely on the 
fundamental deformation mechanism of the cellular solid architecture, involving either bending 
or stretching of the beams upon loading [40-42]. The octahedron unit cells of the current work 
are bending-dominated and would be expected to have a scaling with relative density that 
follows the relations,     ̅  and     ̅    [39-41,43]. Figure S2 shows the observed scaling of 
the metallic glass nanolattices in this study as     ̅     and     ̅    , which deviate 
significantly from the theoretical predicted values. As discussed previously, the relative densities 
of the nanolattices were calculated with the assumption of a constant beam wall thickness equal 
to the measured median wall thickness, which renders the relative densities and thus the resultant 
scaling exponents inaccurate. Not many conclusions can be drawn from the scaling behavior of 
nanolattices fabricated by sputtering or other techniques that lead to large variations in wall 
thickness, and hence in in relative density throughout individual nanolattices.  
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It is also instructive to plot the elastic modulus and yield strength as a function of density in 
what are commonly known as material property charts, or Ashby plots, which are helpful in 
materials selection [1,43]. Figure 9 (g-h) shows the elastic modulus and yield strength of the 
metallic glass nanolattices from this work plotted versus density and overlaid on the property 
space of existing materials. The metallic glass nanolattices fall in the same material property 
space as foams and span a large range of densities. For comparison, the elastic modulus and yield 
strength of bulk sputtered Zr54Ni28Al18 metallic glass are also plotted and are marked with stars. 
The average bulk yield strength of 1.26 GPa was determined from the nano-tensile experiments 
in our previous study [11]. The elastic modulus of this as-sputtered metallic glass was 
determined to be 130 GPa, measaured by nanoindentation into a ~1 µm-thick film using the 
Oliver-Pharr method [44]. The density used for the plots in Figure 9 (g-h) was calculated by 
multiplying the assumed bulk density of Zr54Ni28Al18 (6481.7 kg m
-3
) by relative density of the 
nanolattice, determined by SolidWorks models as described above. The anisotropic nature of 
sputter deposition leads to variation in wall thickness throughout each nanolattice which makes 
accurate determination of relative density difficult, as discussed above. As such, the densities 
plotted for the metallic glass nanolattices in Figure 9 (g-h) should be taken only as estimates 
useful for showing the approximate location of the metallic glass nanolattices in material 
property space relative to other materials. 
  
 
4. Discussion 
 The nanolattices in this study exhibit a mechanical response that is a result of a combination 
of structural effects from the lattice geometry and material size effects from the nano-sized 
constituent metallic glass. To gain a complete understanding of why the observed brittle-to-
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deformable transition occurs as wall thickness is reduced, it is important to evaluate how much 
each of these effects contributes to the mechanical response of the nanolattices. 
 
4.1. Nanolattice structural effects 
 Arranging the metallic glass into a periodic structure of octahedron unit cells necessitates 
consideration of potential failure mechanisms resulting from the structure. The work of Meza et. 
al [20] predicts that failure of a nanolattice will occur via one of three potential mechanisms: 
material yielding, local shell buckling, or Euler beam buckling. These failure mechanisms can be 
defined as [45]: 
                                                                                                                                                                  
                                                                        
 
√       
( 
 
 
 )                                                             
                                                                          
    
          
                                                                  
where   ,  , and   are the yield strength, elastic modulus, and Poisson’s ratio of the constituent 
metallic glass, respectively.   is a constant based on the boundary conditions of the beams, 
which can be taken as ~0.6 for the octahedron geometry [46].   is the beam length,   is the 
beam’s wall thickness,       is the cross-sectional area of the beam, and   is the area moment of 
inertia for the beam. For the thin-walled, approximately circular-cross-section beams that 
comprise the nanolattices in this work, these parameters are given by 
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Substituting Equations 6 and 7 into Equation 5, we find that the Euler buckling failure criterion 
is given by 
                                                                         
  
  
   ( 
 
 
 )
 
                                                                
As discussed by Meza et. al [20], two failure mechanisms exist for nanolattices: yielding 
versus local shell buckling and yielding versus Euler beam buckling. These failure mechanisms 
may act in combination or independently. Yielding will occur under tension and buckling will 
occur under compression [20]. The complex stress-state in the hollow beam nanolattices leads to 
certain beams and regions being under compression while other beam and regions are under 
tension [20]. For example, in the octahedron unit cells making up the nanolattices of this work, 
the four horizontal beams are largely under tension while the eight vertical beams are largely 
under compression. Further, the bending of hollow beams near the nodes leads to stress 
concentrations at the nodes. The nodes often serve as the location within the nanolattice where 
failure first initiates, regardless of the nature of deformation. For example, failure initiates by 
gradual node bending for thin-walled nanolattices (Figure 5) and by fracture-like behavior at the 
nodes for thick-walled nanolattices (Figure 6). 
Assuming the compressive and tensile stresses in the nanolattice are roughly equal, which is 
reasonable for beams in bending [20], the critical transition criteria between the failure 
mechanisms can be found by setting the failure equations equal to each other, such that Equation 
3 is set equal to Equation 4, to find the transition between yielding and local shell buckling, 
                                                             (
 
 
)
    
 
  
 
 √                                                    
Similarly, Equation 3 is set equal to Equation 8 to find the transition between yielding and Euler 
beam buckling, 
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Equation 9 and 10 are functions of only the constituent properties for the bulk Zr-Ni-Al metallic 
glass that makes up the nanolattices and not of any structural parameters. As in the material 
property charts of Figure 9 (g, h), the bulk properties for yield strength and elastic modulus of 
the sputtered Zr-Ni-Al metallic glass were taken as 1.26 GPa and 130 GPa respectively. We 
assumed the Poisson’s ratio for the metallic glass to be 0.36 as the Poisson’s ratio for Zr-based 
metallic glasses have been reported to range from 0.35-0.37 [47]. Substituting these values into 
equations 9 and 10, we find the critical local shell buckling transition to occur at ( / )crit = 0.016 
and the critical Euler beam buckling transition is found to occur at ( / )crit = 0.027. Considering 
only these structural effects, nanolattices with values of wall thickness ( ), beam radius ( ), and 
beam length ( ) such that ( / ) and ( / ) are greater than these critical ratios would be expected 
to fail by yielding with no structural buckling.  
In this work, the nanolattices with the thinnest walls (median wall thickness ~10 nm) would 
be most susceptible to local (shell) buckling. These thinnest-walled nanolattices have ( / )=(10 
nm/400 nm)=0.025, which is greater than the critical value for shell-buckling of ( / )crit = 0.016, 
therefore the nanolattices in this work would not be expected to exhibit local (shell) buckling. 
However, there are locations within the nanolattice where the wall thickness is thinner than the 
median thickness, thus there may be local regions that meet the criterion for shell buckling. 
Considering Euler beam buckling, the nanolattices in this study contain ( / ) = (0.4 µm/4.9 µm) 
= 0.081, which is greater than the critical value for Euler beam buckling of ( / )crit = 0.027, and 
thus the nanolattices in this study would also not be expected to exhibit Euler beam buckling. 
These calculations reveal that the structure of the nanolattices in this work is such that local shell 
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buckling and Euler beam buckling are likely suppressed, and the primary failure mechanism is 
yielding. As a result, the metallic glass material of the nanolattice, as opposed to the structure of 
the nanolattice, determines the dominant failure behavior. 
 
4.2. Material size effects in metallic glasses 
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 The structural analysis in the previous section demonstrates that the geometry of the structure 
is not within the range where Euler beam buckling or local (shell) buckling is expected to occur. 
This indicates the observed changes in deformation behavior from brittle catastrophic failure in 
thick-walled nanolattices to deformable ductile-like behavior in thin-walled nanolattices are 
caused by the metallic glass. The observed brittle-to-ductile transition that occurs as the wall 
thickness of nanolattice beams decreases is analogous to the brittle-to-ductile transition that has 
been frequently observed as the sample diameter is reduced in metallic glass nanopillars [5-11].  
The “smaller is more ductile or deformable” size effect frequently observed in metallic glass 
nanopillars has predominantly been rationalized by the high surface-to-volume ratio in nanopillar 
samples, which increases the energetic cost of forming and propagating a shear band compared 
to homogeneous deformation [6,8,9,48-50]. For a sample of dimension,  , the energy required 
for a crack-like shear band to propagate scales with the sample cross-sectional area, or 
             
  while the energy required to deform a sample in a homogeneous way scales with 
the sample volume, or               
 . As the sample dimension is reduced    decreases faster 
than   , which means that shear band propagation may become energetically unfavorable in 
nanoscale volumes. Analogous to Griffith criterion for crack propagation, these energetic scaling 
arguments can be further used to estimate the critical stress for shear band formation [6,8]. 
 The size effect has also been rationalized by considering that small samples may be smaller 
than certain deformation units within metallic glasses, such as shear transformation zones or the 
plastic zone size [12]. Some studies reported that for a shear band to be fully developed and 
propagate, its nucleus would need to be at least ~50-500 nm [4,9,51], which means that small 
nanoscale samples may not provide sufficient space for shear banding to occur. Another 
deformation unit relevant at even larger length scales is the plastic zone size at the tip of an 
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incipient crack, which can be micron-sized or larger. If the plastic zone size is greater than the 
sample size then brittle failure is not expected [1] and bending plasticity is greatly enhanced 
when the plastic zone is larger than half the sample thickness [52-54]. 
 
4.3. Comparison to previous work on metallic glass nanolattices 
Despite the abundance of studies on the “smaller is more deformable” size effect in metallic 
glass nanopillars [5-11], this is one of the first studies on proliferation of such a size effect to 
metallic glass nanolattices. As discussed in section 1, experimental difficulty in fabricating 
hollow metallic glass nanolattices has resulted in few studies on the subject. The only study to 
date on metallic glass nanolattices [38] did not consider some aspects of nanolattice fabrication 
and characterization. The reported oxygen plasma etch time to remove the nanolattice polymer 
core was 2.5 hours [38], which is more than an order of magnitude less that previous reports of 
50-75 hours [20]. Careful inspection of SEM images in that previous study [38] suggests that the 
polymer core was not removed. The nanolattices of that study were composed of Cu60Zr40 
metallic glass [38], which visibly oxidizes (changing in color from shiny silver to charred black) 
when placed in oxygen plasma. It is then possible that the metallic glass nanolattices in that 
study may have partially oxidized and were not hollow. Further, the wall thickness of the 
nanolattices in that previous study [38] was assumed to be given by the deposition rate when 
sputtering onto a flat substrate. As demonstrated in section 3.1, the deposition rate onto 
nanolattices can be an order of magnitude slower than that onto a flat substrate. Sputtering onto 
nanolattices also results in significant variation of the wall thickness within individual 
nanolattices, which necessitates detailed analysis to determine the wall thickness distribution. 
The methodology choices in the only previous study on metallic glass nanolattices [38] to date 
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warrant additional study on conclusively hollow metallic glass nanolattices with more accurately 
measured wall thicknesses, which was the aim of the current work. 
 
5. Conclusion 
 We demonstrated the fabrication of hollow metallic glass nanolattices with the constituent 
metallic glass deposited by sputtering. The sputter deposition was conducted for various times to 
result in nanolattices with different wall thicknesses, with the median wall thickness ranging 
from 10 nm to 88 nm. Uniaxial compression experiments performed inside of an SEM revealed a 
brittle-to-deformable transition as the nanolattice wall thickness is reduced. Thick-walled 
nanolattices exhibited large catastrophic strain bursts characterized by simultaneous failure of 
multiple nanolattice layers. Thin-walled nanolattices exhibited no strain bursts and instead 
underwent smooth continuous deformation, with gradual layer-by-layer collapse and substantial 
recovery upon unloading. Structural analysis indicates all nanolattices in this study are outside 
the regime of Euler beam buckling and local (shell) buckling, indicating the failure mode in the 
nanolattices of this study arise from the constituent metallic glass material, not the nanolattice 
structure.  
The observed brittle-to-deformable transition as wall thickness is reduced can be understood 
in terms of the “smaller is more ductile or deformable” size effect that has been observed in 
existing literature on monolithic metallic glass under compression [5-7], tension [8-11], and 
bending [52,55]. The new insight from the current work is the demonstration that the suppression 
of brittle failure in nano-sized metallic glasses can indeed be proliferated to larger macroscopic 
structures that are subjected to complex stress states, as long as a high surface-to-volume ratio is 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 30 
maintained by keeping the metallic glass nanolattice wall thickness below some critical brittle-
to-ductile transition length. 
 
5.1. Outlook and implications for nano-architected metallic glass 
 This work is aimed towards understanding the mechanical behavior of metallic glass 
nanolattices and serves as proof of concept that the “smaller is more deformable” size effect 
mainly observed in metallic glass nanopillars subjected to uniaxial stress states, can be extended 
to macroscopic materials and complex stress states through nano-architecting. This work also 
demonstrates that metallic glass nanolattices can be thought of as having tunable mechanical 
properties where parameters such as the wall thickness can be adjusted to achieve a desired 
mechanical response. We show the emergence of a transition in the nanolattice mechanical 
response under compression - from catastrophic layer failure to a deformable, gradual layer-by-
layer collapse - as the wall thickness is systematically reduced. This reduction in wall thickness 
also comes with a significant sacrifice in strength. We found that adjusting the wall thickness of 
metallic glass nanolattices is not sufficient to tune the resultant mechanical response in a way the 
reaches the desirable material property space of simultaneous deformability and strength. Further 
optimization of parameters such as nanolattice geometry, constituent metallic glass, and metallic 
glass deposition method, with a particular focus on creating a more uniform wall thickness 
within each nanolattice, may result in metallic glass nanolattices with improved mechanical 
properties and elucidate additional knobs for tuning the mechanical response of nano-architected 
metallic glass.  
 The material property charts (Figure 9) illustrate that the metallic glass nanolattices fall 
within the existing property space for foams and do not reach new property space in the desirable 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 31 
region of low density with high modulus and strength. The focus of this work was on 
understanding whether the “smaller is more deformable” material size effect can be proliferated 
to larger-scal estructures. The nanolattice geometry was not optimized for mechanical 
performance, and the structural analysis demonstrated that structural effects were not 
contributing to the enhanced deformability of the metallic glass nanolattices. Such a lack of a 
structural contribution to the resultant failure modes was desirable in this study to isolate and 
quantify the influence of the metallic glass material size effect on the mechanical response. 
Ordered periodic cellular solids have been shown to have higher elastic modulus and 
compressive yield strength compared to stochastic foams [35] and in some cases, even compared 
to bulk materials [56]. It is likely that with further optimization of the structure both material size 
effects and structural effects could combine to enhance the mechanical response of metallic glass 
nanolattices. Pathways to optimize the nanolattice structure include utilizing a stretching (as 
opposed to bending) dominated structure, which is expected to have better scaling of strength 
and elastic modulus with relative density, and utilizing beam geometries that favor buckling and 
deformability. These additional efforts promise to enable design of deformable, nano-architected 
metallic glasses, which would reach the untapped target region in material property space of 
ultralow low density with high stiffness and strength. 
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Appendix A 
 
 
Brittle-to-deformable transition in metallic glass nanolattices via decreased wall 
thickness 
 
Rachel Liontas and Julia R. Greer  
 
 
 
Figure A1. Fabrication of hollow metallic glass (MG) nanolattices. Fabrication involves 
utilizing two-photon lithography to write a polymer scaffold which is coated with a nanoscale 
thickness of metallic glass by sputter deposition. Then FIB is used to remove the outside 
edges of the metallic glass coating, which exposes the internal polymer scaffold so that it can 
be subsequently etched away by hydrogen plasma. This process results in a nanolattice 
structure composed of hollow beams of metallic glass, where the wall thickness of the beams 
is on the nanoscale.  
 
 
 
Figure A2. Nanolattices after various times in hydrogen plasma. The darker region is the un-
etched section of metallic glass beams still containing a polymer core and the lighter region is 
the etched section of hollow metallic glass beams with polymer removed. The etch 
progression is apparent from the disappearance of the darker region with increased time in 
hydrogen plasma. Images were taken at ~85° tilt of the SEM stage. 
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Figure A3. Histogram of wall thickness measurements for nanolattices fabricated by sputter 
deposition for 240, 120, and 60 minutes. (a) Histogram displayed over the entire range of 
measured wall thicknesses from 0-750 nm. (b) Histogram zoomed in to the wall thickness 
range of 0-250 nm to make the distributions at small wall thicknesses more visible. Sputter 
deposition times of 240, 120, and 60 minutes correspond respectively to nanolattice median 
wall thicknesses of 88, 57, and 38 nm respectively. 
 
Figure A4. Elastic modulus and strength versus relative density of metallic glass nanolattices. 
(a) Elastic modulus and (b) yield strength are plotted versus relative density with the error 
bars denoting ± one standard deviation in the measured property. Due to the logarithmic 
scales of the plot, some of the error bars are within the marker size and do not appear. The 
directional nature of sputter deposition makes the relative density values unreliable and should 
thus only be taken as approximate. 
 
 
Video 1. Nanolattice with ~10 nm wall thickness compressed to ~67% strain. The video is played back 
at a speed 50x faster than it was captured. 
Video 2. Nanolattice with ~20 nm wall thickness compressed to ~67% strain. The video is played back 
at a speed 50x faster than it was captured. 
Video 3. Nanolattice with ~30 nm wall thickness compressed to ~67% strain. The video is played back 
at a speed 50x faster than it was captured. 
Video 4. Nanolattice with ~38 nm wall thickness compressed to ~67% strain. The video is played back 
at a speed 50x faster than it was captured. 
Video 5. Nanolattice with ~57 nm wall thickness compressed to ~67% strain. The video is played back 
at a speed 50x faster than it was captured. 
Video 6. Nanolattice with ~88 nm wall thickness compressed to ~67% strain. The video is played back 
at a speed 50x faster than it was captured. 
